This experiment investigated the effects of dietary supplementation of Origanum vulgare L. leaf material (OR) on rumen fermentation, production, and milk fatty acid composition in dairy cows. The experimental design was a replicated 4 × 4 Latin square with 8 rumen-cannulated Holstein cows and 20-d experimental periods. Treatments were control (no OR supplementation), 250 g/cow per day OR (LOR), 500 g/d OR (MOR), and 750 g/d OR (HOR). Oregano supplementation had no effect on rumen pH, volatile fatty acid concentrations, and estimated microbial protein synthesis, but decreased ammonia concentration and linearly decreased methane production per unit of dry matter intake (DMI) compared with the unsupplemented control: 18.2, 16.5, 11.7, and 13.6 g of methane/kg of DMI, respectively. Proportions of rumen bacterial, methanogen, and fungal populations were not affected by treatment. Treatment had no effect on total-tract apparent digestibility of dietary nutrients, except neutral detergent fiber digestibility was slightly decreased by all OR treatments compared with the control. Urinary N losses and manure odor were not affected by OR, except the proportion of urinary urea N in the total excreted urine N tended to be decreased compared with the control. Oregano linearly decreased DMI (28.3, 28.3, 27.5, and 26.7 kg/d for control, LOR, MOR, and HOR, respectively). Milk yield was not affected by treatment: 43.4, 45.2, 44.1, and 43.4 kg/d, respectively. Feed efficiency was linearly increased with OR supplementation and was greater than the control (1.46, 1.59, 1.60, and 1.63 kg/kg, respectively). Milk composition was unaffected by OR, except milk urea-N concentration was decreased. Milk fatty acid composition was not affected by treatment. In this short-term study, OR fed at 250 to 750 g/d decreased rumen methane production in dairy cows within 8 h after feeding, but the effect over a 24-h feeding cycle has not been determined. Supplementation of the diet with OR linearly decreased DMI and increased feed efficiency. Oregano had no effects on milk fatty acid composition.
INTRODUCTION
Greenhouse gas emissions and global warming are among the most important contemporary issues facing humanity. Animal agriculture has its share of greenhouse gas emissions, as estimated by the US Environmental Protection Agency (USEPA, 2011) and discussed in numerous documents published by international agencies and the scientific community (Steinfeld et al., 2006; FAO, 2010; O'Mara, 2011) . The important task facing the animal industries is to develop effective, economically feasible, and practical greenhouse gas mitigation technologies (an example of a proactive approach is the Cow of the Future initiative of the US dairy industry;
http://www.usdairy.com/Sustainability/ Greenhouse%20Gas%20Pro jects/Pages/Cowofthe Future.aspx; accessed July 13, 2012). Extensive reports have dealt with this uneasy task (Clemens and Ahlgrimm, 2001; Eckard et al., 2010; Cottle et al., 2011) and it is not our intention to discuss here the wide spectrum of mitigation options proposed. Essential oils (EO; volatile compounds extracted from aromatic and medicinal plants), with their strong antibacterial properties (Wallace, 2004; Bakkali et al., 2008) , have been considered by many as a viable enteric methane mitigation option (Greathead, 2003; Bodas et al., 2008; Calsamiglia et al., 2007) . In addition, plant bioactive compounds, including EO, have been investigated as potential modifiers of rumen biohydrogenation of dietary lipids with the goal of enhancing the healthful characteristics of milk and meat (Durmic et al., 2008; Lourenço et al., 2008) . A relationship between rumen function and milk FA composition has also been suggested (Fievez et al., 2012; Hristov et al., 2012b ). The extremely large number of EO available for experimen-tation (more than 3,000 are known; van de Braak and Leijten, 1999) , the wide variety of animal species used to test EO, and the large variation in application rates (Calsamiglia et al., 2007; ) makes comparison of results from different studies almost impossible. Following an intensive in vitro screening process, we have identified several EO and EO plants with potential antimethanogenic effect (Tekippe et al., 2012) . Leaf material from one of the plants in this study, Origanum vulgare L. (OR), was tested in a single dose in lactating dairy cows and produced a significant reduction in rumen methane production, without negatively affecting rumen fermentation, total-tract apparent digestibility of dietary nutrients, and cow productivity (Tekippe et al., 2011) . Our intention with the current study was to verify our previous results and test graded levels of OR. Therefore, the objective of this study was to investigate the effect of increasing supplementation levels of OR leaf material on rumen fermentation and methane production, performance of lactating dairy cows, and milk FA composition. Our hypothesis was that OR will reduce rumen methane production and will have no negative effect on rumen function, digestibility, or animal production.
MATERIALS AND METHODS

Animals and Treatments
The experiment was conducted under the approval of The Pennsylvania State University Animal Care and Use Committee (IACUC no. 33676) and involved 5 multiparous and 3 primiparous Holstein dairy cows averaging (±SE) 43 ± 3.7 kg/d of milk yield, 2.2 ± 0.36 lactations, and 712 ± 24 kg of BW (AfiFarm 3.04E scale system; S.A.E. Afikim, Rehovot, Israel) at the beginning of the trial. Body weight data were not collected during the trial. The design of the trial was a replicated 4 × 4 Latin square. The average DIM (±SE) of cows in square 1 was 51 ± 1.5 d and 247 ± 33 d of those in square 2, at the beginning of the trial. Due to low milk yield and advanced DIM, 1 cow from square 2 was replaced with an earlier DIM (201 d) cow at the beginning of experimental period 2. The high-DIM cow was on the 750 g/d oregano treatment (see below) in period 1 and the cow that replaced her was on the control treatment in period 2. The experiment consisted of four 20-d periods, including 14 d for adaptation and 6 d for sampling for most of the variables reported (DMI, milk yield, and feed efficiency data were collected during the last 8 d of each experimental period). At the end of each period, excluding period 1, experimental cows were inoculated with approximately 15 kg of whole rumen contents from 3 donor cows and allowed 3 d before being switched to the next treatments. Due to technical difficulties, inoculation was not performed following period 1, but cows were allowed a 7-d washout period before being switched to period 2 treatments. The donor cows were fed the same basal diet as the experimental cows (Table 1) , without the control feed supplement or OR (Table 2 ). All cows were fitted with soft plastic rumen cannulas (10-cm i.d.; Bar Diamond Inc., Parma, ID). The OR leaf material used in the experiment was grown in Turkey and purchased from Starwest Botanicals Inc. (Rancho Cordova, CA). Treatments were (1) control (no OR supplementation), (2) 250 g of OR/ cow per day (LOR), (3) 500 g of OR/d (MOR), and (4) 750 g of OR/d (HOR). Cows on the control treatment received 750 g/d of an alfalfa meal and cottonseed hulls-based feed supplement (Table 2 ) mixed with a portion of the basal TMR (Table 1) . Cows on the OR treatments received the respective amount of OR also mixed with a portion of the basal TMR. The OR was supplied ground and was not further processed. Cows were housed in a tiestall facility and were fed once daily at approximately 0800 h. Feed was pushed up 3 to 5 times daily. The basal diet was balanced to meet or exceed NRC (2001) requirements for a lactating dairy cow weighing 700 kg, consuming 28 kg of DM/d, and producing 44 kg of milk/d with 3.26% fat and 3.03% true protein. At the actual DMI and milk yield of the cows, the basal diet exceeded the requirements for NE L and MP, but was on average about 80 g/d deficient in RDP (estimated based on NRC, 2001). All diets were fed ad libitum to achieve approximately 5 to 10% refusals. Cows had access to fresh water throughout the duration of the trial. During the trial, cows were milked daily at 0500 and 1700 h and received recombinant bST at 14-d intervals (Posilac; Elanco Co., Greenfield, IN; 500 mg, i.m.) beginning at 63 DIM. Although not analyzed, it was assumed that, due to the experimental design of the trial (i.e., Latin square), bST treatment did not affect the experimental results in this study.
Sampling and Analyses
Feed intake was measured daily and TMR and refusals samples were collected twice weekly and composited by week. Samples of TMR and refusals were dried for 48 h at 65°C in a forced-air oven, ground in a Wiley Mill (Arthur H. Thomas Co., Philadelphia, PA) through a 1-mm screen, and composited by period for chemical analyses. Individual forages were sampled weekly and analyzed for DM content. Weekly changes were made to the TMR, if changes occurred in forage DM content. Composite TMR samples were submitted to Cumberland Valley Analytical Services Inc. (Maugansville, MD) for analyses of CP, NDF, ADF, ash, Ca, and P using wet chemistry methods and estimated NFC and NE L (Table 1 ; details at http://www.foragelab.com/ pdf/CVAS_Proceedure_References.pdf; accessed July 9, 2012). Diet, refusals, and fecal samples were ashed for 4 h at 600°C for analysis of OM. Samples of the TMR were also analyzed for indigestible NDF (iNDF; see below). Composite samples of the control feed supplement and OR were analyzed by Cumberland Valley Analytical Services Inc. or Dairy One Inc. (Ithaca, NY) as for the TMR samples (Table 2) .
Rumen samples were collected on 2 consecutive days during each sampling period. Whole rumen contents were collected at 2, 4, 6, and 8 h after feeding. At each sampling, samples were collected from the ventral sac, the atrium, and 2 samples from the feed mat. After mixing, an aliquot of the whole rumen contents was frozen at −20°C for bacterial, archaeal, and fungal profile analyses. The remaining sample was filtered through 2 layers of cheesecloth and the filtrate was immediately placed on ice for further analyses. Cheesecloth filtrates were immediately analyzed for pH (pH meter 59000-60 pH Tester; Cole-Parmer Instrument Co., Vernon Hills, IL) and processed for analyses of ammonia (Chaney and Marbach, 1962) and VFA (Yang and Varga, 1989) .
The effect of OR on rumen bacterial populations was analyzed using tag-encoded FLX amplicon pyrosequencing (bTEFAP) using Gray28F 5 GAGTTT-GATCNTGGCTCAG and Gray519r 5 GTNT-TACNGCGGCKGCTG primers (Dowd et al., 2008a,b) . Archaea pyrosequencing was performed using Archaea 349F 5 GYGCASCAGKCGMGAAW and Archaea 806R 5 GGACTACVSGGGTATCTAAT primers. Fungal pyrosequencing (fTEFAP) was performed using ITS1-ITS4 fungal primers ITS1-F 5 CTTGGTCATT-TAGAGGAAGTAA and ITS4R 5 TCCTCCGCT-TATTGATATGC. Whole rumen content samples were composited per cows and period and used for these analyses. The analyses used a Roche 454 FLX instrument (Roche Diagnostics Corp., Indianapolis, IN) with titanium reagents, titanium procedures, and a 1-step PCR using Hot Start Taq polymerases. The bTEFAP pyrosequencing itself was based upon titanium protocols and manufacturers' procedures.
Methane production in the rumen was measured utilizing the sulfur hexafluoride (SF 6 ) tracer technique (Johnson et al., 1994) as previously described (Tekippe et al., 2011) , with the following modification: a 50-mL bottle with 2 ports, an inlet and an outlet, was attached to the inside of the rumen cannula lid. The inlet port was fitted with 1-cm i.d. rigid polyvinyl chloride (PVC) tubing that extended 25 cm into the rumen headspace following the curvature of the dorsal rumen wall. The end of the tubing was covered with cheesecloth to prevent feed particles from entering the sampling device. The outlet port of the bottle was fitted with another piece of 6-cm PVC tubing protruding through the center of the cannula lid. The end of this tubing was fitted with an injection site adapter (Medline Industries Inc., Mundelein, IL), which was used for gas sampling. The modified lid was placed on the rumen cannula 1 h before feeding and gas sampling. The SF 6 permeation tubes were manufactured by A. D. Iwaasa (Semiarid Prairie Agricultural Research Centre, Agriculture and Agri-Food Canada, Swift Current, SK, Canada). The tubes had an average SF 6 release rate of 4.36 ± 0.086 mg/d, were placed in the reticulum of the cows on d 1 of the experiment, and remained there throughout the duration of the study. Rumen gas samples (2 × 120 mL) were collected directly from the rumen headspace through the modified rumen cannulas at 2, 4, 6, and 8 h after feeding during 1 d of each sampling period. Gas samples were collected into evacuated 120-mL serum bottles sealed with rubber stoppers using a 60-mL syringe. Methane, hydrogen, carbon dioxide, and SF 6 gases were analyzed simultaneously using an SRI gas chromatograph model 8610C connected with a 20-port autosampler (SRI Instruments Inc., Torrance, CA). Gases were separated through a column (6-foot × 1/8-inch stainless steel HayeSep D packed column; SRI Instruments Inc.) with the thermal conditions of 2 min at 40°C, 40 to 60°C for 1 min, and 3 min at 60°C and analyzed by a thermal conductivity detector (methane, hydrogen, and carbon dioxide) and electron capture detector (SF 6 ) with N gas as a carrier. The peak areas of each gas were used to calculate their concentrations with known concentrations of gas standards (5% hydrogen, 10% methane, 100% carbon dioxide, and 1,000 mg of SF 6 /kg; Air Liquide, Plumsteadville, PA). Production of methane was calculated as the release rate of SF 6 times the ratio of the concentration of methane to SF 6 in the rumen headspace gas (Johnson et al., 1994) . Seven spot urine (approximately 300 mL each) and fecal (approximately 400 g each) samples were collected from each cow in 3 consecutive days during each sampling period at 0600, 1400, and 2100 h on d 1; at 0800 and 1600 h on d 2; and at 1100 and 1800 h on d 3. Urine samples were collected by massaging the vulva. Fecal samples were collected by stimulating defecation or from the rectum. Urine was acidified (pH <3) using 2M H 2 SO 4 ; pH was verified using litmus paper. Acidified urine was diluted 1:10 with distilled water and stored frozen at −20°C. Fecal samples were oven dried at 65°C. Urine (after thawing) and fecal samples were composited by cow and period on an equal-volume or -weight basis, respectively, and composited samples were used for further analyses. Fecal samples were analyzed for NDF and ADF using the Ankom 200 fiber analyzer (Ankom Technology Corp., Macedon, NY) according to Van Soest et al. (1991) with heat-stable amylase (Ankom Technology Corp.) and sodium sulfite (Fisher Scientific, Waltham, MA) used in the NDF procedure. Nitrogen in fecal and urine samples was analyzed on a Costech ECS 4010 C/N/S elemental analyzer (Costech Analytical Technologies Inc., Valencia, CA) and multiplied by 6.25 to obtain CP values, in the case of feces. Fecal samples were pulverized at 30 Hz/s for 2 min using Mixer Mill MM 200 (Retsch GmbH, Haan, Germany) for N analysis. Urine samples were also analyzed for allantoin (Chen et al., 1992) , uric acid (Stanbio Uric Acid Kit 1045; Stanbio Laboratory Inc., San Antonio, TX), urea-N (Stanbio Urea Nitrogen Kit 580; Stanbio Laboratory Inc.), and creatinine (Stanbio Creatinine Kit 0400; Stanbio Laboratory Inc.). Daily volume of excreted urine was estimated based on urinary creatinine concentration, assuming a creatinine excretion rate of 29 mg/kg of BW (determined based on total urine collection samples from Hristov et al., 2011) . Estimated urine output was used to calculate daily total N, urinary urea-N, and purine derivatives (PD; allantoin and uric acid) excretions. Urinary PD excretion was used to estimate duodenal microbial N flow as described in Hristov et al. (2009) . A ratio of purine N to total N in rumen microorganisms of 0.134 was assumed based on the data of Valadares et al. (1999) . Apparent total-tract digestibility of nutrients was estimated using iNDF as an intrinsic digestibility marker (Schneider and Flatt, 1975) . Fecal and TMR samples were analyzed for iNDF according to Huhtanen et al. (1994) , with the exception that 25-μm pore size Ankom filter bags (Ankom Technology Corp.) were used for the rumen incubation.
Blood samples were collected from the coccygeal tail vein or artery 2 h after feeding on 2 consecutive days during each sampling period. Samples were preserved and processed as described elsewhere (Tekippe et al., 2011) and analyzed for plasma urea N (PUN; Stanbio Urea Nitrogen Kit 580, Stanbio laboratory, Inc.).
Milk production of the cows was recorded daily and milk yield, DMI, and estimated feed efficiency data for the last 8 d of each experimental period were used in the statistical analysis. Dry matter intake was calculated by adjusting daily as-fed feed intake to DM content (measured for 48 h at 65°C) of the weekly diet and refusals composited samples. Samples for milk composition were collected 3 times during each sampling period. Samples were preserved using 2-bromo-2-nitropropane-1,3-diol and submitted to DairyOne laboratory (Pennsylvania DHIA, University Park, PA) for analysis of milk fat, true protein, lactose, and MUN using infrared spectroscopy (MilkoScan 4000; Foss Electric A/S, Hillerød, Denmark). Milk composition data of consecutive milking samples were averaged according to milk weights and the average values were used in the statistical analysis (i.e., 3 observations per cow). Averaged milk yield and DMI for the 8 data collection days and averaged milk composition data were used to calculate milk fat, protein, lactose, 3.5% FCM, ECM, and NE L yields and feed efficiencies. Milk samples for FA composition were collected at the same times as for milk components and stored at −20°C until analyzed. Samples were processed and analyzed as described elsewhere (Hristov et al., 2010) .
Essential oils of composite OR samples were steam distilled and analyzed for constituents as described by Tekippe et al. (2011) . Essential oil constituents were quantified by performing area percentage calculations based on the total ion chromatogram combined area. The reported percentage (Table 3) is a percentage by weight in the extracted EO.
Manure from 2 cows on the control treatment and 2 cows on the HOR treatment in experimental period 4 were evaluated for odor. Fresh feces and urine samples were collected (as described above) 2 h after feeding and a 1:1 mix (200 g of feces and 200 g of urine) was prepared. Replicate manure samples were placed in 3.8-L glass jars in a multi-chamber steady-state gas emission detection system (Wheeler et al., 2007) . Sample temperatures were maintained at 20°C via water bath. All manure samples were incubated for 30 min with a 2.0 L/min sweep air flow rate. After 30 min, a 10-L preconditioned Tedlar bag (Sigma Chemical Co., St. Louis, MO) was used to collect an odor sample from each incubation jar. All Tedlar bag samples were presented to qualified odor panelists and analyzed for detection threshold (DT) using dynamic triangular forced-choice olfactometry (DTFCO) as per international standard EN13725 (CEN, 2003) . The DTFCO unit used in this study was an AC'SCENT Dynamic Olfactometer (St. Croix Sensory Inc., Lake Elmo, MN). Six panelists conducted evaluations of the 4 manure samples (2 control and 2 HOR samples) and a distilled water blank sample. All DTFCO samples were evaluated twice each. Odor quality characteristics were also recorded, including supra-threshold intensity [ASTM E544-99 (ASTM International, 2004) and Green et al., 1996] , character (St. Croix Sensory Inc., 2003) , and hedonic tone (22-point pleasantness scale).
Statistical Analysis
All data were analyzed using the PROC MIXED procedure of SAS (2003; SAS Institute Inc., Cary, NC). Nutrient intake; digestibility; methane production; rumen microbial analyses; urinary and fecal N excretions; PUN concentration; milk composition; yields of milk fat, protein, lactose, NE L , 3.5% FCM, and ECM; and milk NE L yields and feed efficiencies data were analyzed by Latin square ANOVA. The model used was as follows:
where Y ijkl is the dependent variable, μ is the overall mean, S i is the square, C(S) ij is the cow within square, P k is the kth period, and T l is the lth treatment, with the error term e ijkl assumed to be normally distributed, with mean = 0 and constant variance. Square and cow within square were random effects and all others were fixed.
Dynamic triangular forced-choice olfactometry DT (manure odor) data were analyzed as logarithm (base 10) values (CEN, 2003) , with only manure type in the model and tester as a random effect. Odor quality analyses were limited to descriptive statistics, as these data are highly variable due to their subjective nature. Means were separated by pairwise t-test (PDIFF option of PROC MIXED).
Rumen fermentation data (pH, ammonia, VFA concentrations, and methane, hydrogen, and carbon dioxide concentrations), DMI, milk yield, and feed efficiency were analyzed as repeated measures assuming a Latin square design and an AR(1) covariance structure. The model used was as follows:
where Y ijklm is the dependent variable, μ is the overall mean, S i is the square, C(S) ij is the cow within square, P k is the kth period, T l is the lth treatment, D m is the time effect, and TD lm is the treatment × time of sampling interaction, with the error term e ijklm assumed to be normally distributed, with mean = 0 and constant variance. Square and cow within square were random effects and all others were fixed. Orthogonal contrasts were used to evaluate the effects of OR supplementation and application rate (OR treatments vs. control, linear effect of OR supplementation, and quadratic effect of OR supplementation). Statistical differences were declared at P < 0.05. Differences between treatments at 0.05 < P < 0.10 were considered as a trend toward significance.
RESULTS AND DISCUSSION
The control feed supplement blend contained higher concentration of CP and fiber fractions than OR (Table  2) . Although the compositions of the supplement and OR differed, at the supplementation rate used in the current trial (maximum of 750 g/d, or about 2.7% of dietary DM), it was assumed that the compositional differences between the control supplement and OR did not affect the experimental results. We calculated, for example, that CP concentration of the control and HOR diets offered to the cows, after correction for the different CP content of the control and OR supplements, was 14.7 and 14.6%, respectively.
The OR used in the trial was a carvacrol-type (based on Baser, 2002) , similar to the OR used by Tekippe et al. (2011) . The total EO content in OR was also similar to that used by Tekippe et al. (2011) : 1.58 versus 1.40%, respectively (Table 3 ). Similar to the OR used in our previous trial, the main EO constituent was carvacrol, with γ-terpinene being also a major component. Unlike the OR used by Tekippe et al. (2011) , the OR used in the current study contained p-cymene and thymol as major EO constituents. Borneol also represented a larger fraction in EO from the current OR compared with that used in our previous trial. A proportionally significant compound (1.47% of EO) of the OR EO used in the current study was unidentified. Other minor differences compared with the OR material used by Tekippe et al. (2011) were also present.
Rumen fermentation data are presented in Table 4 . Rumen pH and total and most individual VFA were not affected by treatment, which was similar to our previous experiment (Tekippe et al., 2011) . The concentration of butyrate was decreased and that of isobutyrate tended to be decreased (P = 0.09) by OR compared with the control. Unlike our previous trial, however, rumen ammonia concentration was decreased (P = 0.042) by OR supplementation. The slight but consistent decrease in rumen fluid butyrate concentration with OR is difficult to explain. Data from defaunation studies have suggested greater concentration of butyrate with faunated animals (Newbold et al., 1995) . Protozoa were not counted in this study, but Tekippe et al. (2011) did not observe any effect of OR on rumen protozoa. Rumen VFA concentrations are a result of production and absorption (and also some microbial utilization for the shorter-chain VFA; Dijkstra et al., 1993) and it is not clear which component of this equation may have affected butyrate concentration in this experiment.
Concentrations of methane in the rumen headspace tended (P = 0.08) to be lower for the OR treatments compared with the control and tended to respond quadratically (P = 0.06) to OR supplementation level. Concentrations of hydrogen and carbon dioxide were not different among treatments. The concentration of hydrogen was about 1,000 times lower than that of methane and also quite variable (large SEM). Average methane production within the duration of the gas sampling period tended to linearly decrease (P = 0.055) with increasing OR supplementation. Expressed per unit of DMI, all OR treatments tended to decrease (P = 0.08) methane production by 9 (LOR) to 36% (MOR) relative to the control. Methane production per unit of DMI decreased linearly (P = 0.047) with increasing the OR supplementation rate. The results for MOR were comparable with results from our previous trial at the same treatment dose (Tekippe et al., 2011) . As with our previous experiment, methane production data were collected only within 8 h after feeding and the effect of OR over a 24-h feeding cycle has not been determined. Variability in the methane production data was large (CV of around 50% for both absolute and per kilogram of DMI methane production), similar to our previous experiment with the SF 6 technique. An extensive discussion on the SF 6 technique was provided by Tekippe et al. (2011) and others (Lassey et al., 2011) . The lack of effect of OR on rumen VFA concentrations versus the trend for decreased methane production is in disagreement with rumen stoichiometry (Wolin, 1960) . This discrepancy, however, is not uncommon (e.g., Hart et al., 2008) and has been discussed by Tekippe et al. (2011) .
The technique used to collect rumen gas samples for methane and SF 6 analyses differs from the original head canister technique proposed by Johnson et al. (1994) . Comparison of breath versus rumen headspace gas sampling for estimation of rumen methane production when using the SF 6 technique has not often been performed. In one such comparison, Martin et al. (2010) reported similar methane-emission rates between the 2 methods. The effect of cannula leakage on the accuracy of methane emission measurement has not been thoroughly investigated. Hypothetically, leakage should not affect emissions when a tracer gas, such as SF 6 , is used and gas samples are collected from the rumen headspace, because tracer and tracee gases will presumably leak at similar rates and their ratio in the rumen headspace will remain unchanged. Recently, Beauchemin et al. (2012) reported on the effect of rumen cannulation and cannula type on methane production measurements using the SF 6 method with gas collected through head canisters. These authors concluded that uncorrected methane emissions were ±10% of corrected emissions for 53% of the cow-day measurements. Interestingly, for some animals, the release of methane (and SF 6 ) through the nostrils was reported to be close to 0 or below 10% (of the total estimated emissions), which means that almost all gases escaped through the cannulas and these animals eructated very little rumen gas. The authors stated that only when more than 80% of the SF 6 gas escaped via the rumen, the difference between uncorrected and corrected methane emissions exceeded 20%. These authors also recommended that cannulas need to be tight fitting to minimize leakage and animal numbers have to be increased to overcome the additional variability when cannulated animals are used.
Very little in vivo information is available on the effect of EO on rumen methane production. Mohammed et al. (2004) studied the effect of α-cyclodextrinhorseradish oil complex on methane production in steers fed a 60% forage diet. These authors reported an about 19% decrease in methane production per unit of DMI, but also a 10% decrease in DMI. Beauchemin and McGinn (2006) tested a commercial product (Crina Ruminants; AkzoNobel Surface Chemistry SA, Compiègne Cedex, France) in beef heifers fed a 75% forage diet and found no effect of the preparation (based on thymol, eugenol, vanillin, and limonene; McIntosh et al., 2003) on rumen methane production. On a gross 6 Individual time gas data (see Materials and Methods section) were processed for outlier identification based on an absolute studentized residual value >3 (PROC REG of SAS; SAS Institute Inc., Cary, NC). Data were averaged per cow and period and the averaged values were used in the statistical analysis. Gas data for 1 cow on the control treatment in period 1 were lost; hence, n = 31.
energy intake basis, the EO product had, in fact, numerically increased methane production by about 5% compared with the control. A more recent study with sheep (n = 4), tested 2 levels of eucalyptus oil at 10 and 20 mL/sheep per day and reported no statistically significant reduction in rumen methane production, despite a 24 to 39% numerical decrease compared with the control (Abdalla et al., 2012) . To the best of our knowledge, the current experiment and our previous trial (Tekippe et al., 2011) are the only reports on the effect of OR leaf material on methane production in live ruminant animals. Several experiments examined OR EO or carvacrol as methane inhibitors in vitro or in vivo (Wang et al., 2009 ). Jahani-Azizabadi et al.
(2011) studied several EO from medicinal plants, including from OR, in vitro and observed that at application rate of 1 mg/L (corresponding to about 100 mg of EO/cow per day, assuming a rumen volume of 100 L), OR EO significantly inhibited methane production. Lin et al. (2011) investigated the effect of EO from cinnamon and OR in vitro (at 50 mg/L of incubation medium) and reported decreased methane production by 21.2%, with little effect on VFA production. Vilela et al. (2012) reported that OR EO at 45 mg/L application rate (corresponding to about 4.5 g of EO/cow per day with the above assumption) significantly decreased methane production in vitro without negatively affecting feed digestion. Those authors also observed increased propionate concentration with OR EO. Lin et al. (2012) investigated a mix of thyme, oregano, cinnamon, and lemon EO and reported an inhibition of methane production, with the optimal application level being 500 mg/L (corresponding to about 50 g of EO/ cow per day). In the Lin et al. (2012) study, the EO also inhibited total gas production and VFA concentration, but methane inhibition was proportionally greater. As indicated in our earlier report (Tekippe et al., 2011) , no in vivo research with OR or OR EO is available, except the study by Wang et al. (2009) in which a commercial preparation of OR EO decreased methane production in sheep by 12%. Results of the current experiment and those of Wang et al. (2009) are, however, difficult to compare because of the differences in animal species, diet composition, feed intake, and passage rate between high-producing lactating dairy cows consuming about 0.20 kg of DM/d per kilogram of BW 0.75 (current study) and sheep fed at maintenance level, consuming 0.09 kg of DM/d per kilogram of BW 0.75 (Wang et al., 2009 ). The antimicrobial properties of 2 of the main constituents of EO of the OR product used in the current experiment (carvacrol and thymol) have been well documented (Sivropoulou et al., 1996; Lambert et al., 2001 ) but in vivo data with these compounds are scarce (Chaves et al., 2008) . We conducted a pilot study with 5 rumen-cannulated lactating dairy cows (126 ± 12 DIM; milk yield, 48 ± 5.1 kg/d; IACUC no. 35632) and intraruminal doses of 5, 10, and 20 g of carvacrol (98% carvacrol; Sigma-Aldrich Co.) per cow per day (A. N. Hristov, C. Lee, T. Cassidy, and K. Heyler, unpublished data). Rumen methane production was measured following a 7-d adaptation period using the GreenFeed system (C-Lock Technology Inc., Rapid City, SD). Compared with the control, methane production was not affected by 5 and 10 g of carvacrol/d (18.4 to 18.9 g of methane/kg of DMI; SEM = 1.04; P = 0.95), but decreased by about 13% with the 20 g/d application rate (14.2 vs. 12.4 g of methane/kg of DMI, respectively; SEM = 0.61; P = 0.02). Dry matter intake of the cows on the 20 g/d carvacrol treatment was around 29 kg/d (SEM = 0.43) and was not affected (P = 0.41) by treatment. The dose of carvacrol (0.69 g/kg of dietary DM) was about 3 times greater than in the study of Chaves et al. (2008;  i.e., 0.2 g/kg of DM), in which no effect of carvacrol on methane production was reported.
Prevotella spp. followed by Eubacterium and Bacteroides spp. represented the major genera of rumen bacteria isolated from whole rumen contents in the current study and they were not affected by OR (Table  5) . Ruminococcus spp. were also not affected by OR, but the proportion of one of the major rumen fibrolytic species, Ruminococcus flavefaciens, was slightly increased with the lower dose of OR and decreased with the higher OR supplementation levels (quadratic effect, P = 0.02). The proportion of Butyrivibrio fibrisolvens, a major butyrate producer in the rumen (Stewart et al., 1997) , tended to be increased by OR in our previous experiment (Tekippe et al., 2011) , but was not affected by treatment in the current trial (from 1.4 to 1.7%, SEM = 0.16, P = 0.28). Thus, the observed decrease in rumen butyrate concentration could not be explained by relative changes in the population of B. fibrisolvens. McIntosh et al. (2003) have shown that a large number of rumen bacteria were inhibited by EO in vitro. In other cases, however, the inhibitory effect of EO was not that evident (Duval et al., 2007) . In spite of these exceptions, the antimicrobial properties of EO have been consistently proven in various environments (Burt, 2004; Franz et al., 2010) . Nevertheless, a difference exists between in vitro systems and the living rumen (Hristov et al., 2012a) , which has a much greater buffering potential against environmental stressors and is much more likely to adapt and recover from an intensive inhibitor such as carvacrol, for example. In the current trial, some other species, such as Succiniclasticum spp. and Bacillus spp., tended respond quadratically (P = 0.06 and 0.08, respectively) to OR supplementation. The predominant archaeal genus in the rumen of the cows in the current trial was Methanobrevibacter, mak-ing up more than 90% of all archaeal isolates. Similar to our previous study, OR had no effect on Archaea in the current experiment. Predominant genera of fungi were Neocallimastix and Piromyces spp. Oregano did not affect any of the major fungal isolates, except Orpinomyces tended to decrease (P = 0.09) linearly with increasing OR supplementation (a 56% decrease with HOR compared with the control). Overall, OR had a subtle effect on rumen microbial populations, as analyzed in this experiment.
Intake of DM and nutrients during the period of fecal sample collections for digestibility measurements (Table 6 ) followed similar trends as DMI during the entire sampling period (see Table 8 ), decreasing or tending to decrease linearly with increasing OR supplementation rate (P = 0.11 to 0.02). Total-tract apparent digestibility was not affected by treatment, except NDF digestibility was decreased (by about 4%; P = 0.04) by OR compared with the control.
With a few exceptions, most of the urinary and fecal N excretion and milk N secretion data were not affected by OR supplementation (Table 7) . The proportion of urinary urea N in the total excreted urine N tended to be decreased (P = 0.07) by OR compared with the control (with a quadratic pattern of response to OR supplementation rate; P = 0.09). This was in agreement with our previous trial with OR, in which a trend for decreased urinary N excretion was observed (Tekippe et al., 2011) . The opposite trend (P = 0.06) was observed for fecal N excretion as proportion of N intake. Secretion of milk protein N, urinary PD excretion, estimated microbial N outflow from the rumen, and PUN concentration were not affected by OR supplementation.
Oregano supplementation linearly decreased (P = 0.014) DMI of the cows, by about 6% at the highest supplementation rate compared with the control (Table  8 ). This decrease in DMI, however, had no corresponding effect on milk yield. Feed efficiency was greater (P < 0.001) for OR compared with the control and increased linearly (P = 0.001) with increasing OR supplementation rate. This effect of OR on feed intake was not observed in our previous trial with a similar carvacrol-type OR (Tekippe et al., 2011) ; at a 500 g/d supplementation rate, DMI was not affected in that trial, although a numerical decrease of 0.7 kg/d was observed compared with the control. This numerical reduction was about the same as with the MOR treatment in the current trial. Carvacrol, the main carvacrol, compared with the control. This reduction is, in fact, comparable to the 3% reduction in the DMI with the MOR treatment in the current trial. Thus, it can be hypothesized that OR, perhaps due to the strong, objectionable odor of its EO compounds will likely reduce DMI in ruminants. If this reduction does not result in decreased production, feed efficiency will be improved, which is what was observed in the current trial. Carvacrol-based phytogenic feed additives are marketed for use in monogastric species but reduction in feed intake with these products has usually not been reported (in pigs: Muhl and Liebert, 2007; in poultry: Bravo et al., 2011; in fish: Giannenas et al., 2012) , or when it was reported, it did not negatively affect production but improved feed efficiency (Lee et al., 2003; Bampidis et al., 2005) . Milk fat content responded quadratically (a trend at P = 0.06) to OR supplementation rate in the current trial. These effects are difficult to explain. In contrast, Tekippe et al. (2011) observed increased milk fat content and yield with 500 g of OR/d. The reason or reasons for this discrepancy could not be elucidated. As in Tekippe et al. (2011) , OR tended to increase (P = 0.06) milk fat percentage in the current trial, but at a higher supplementation rate (500 vs. 750 g/d, respectively). Oregano tended to linearly increase (P = 0.07) 3.5% FCM feed efficiency and decreased (P = 0.04) MUN concentration compared with the control. No other effects of OR on production variables were observed, except NE L intake decreased linearly (P = 0.041) with OR supplementation, following the trend in DMI.
No effects of OR were observed on FA composition of milk fat (Table 9 ). Concentrations of trans-11 C18:1 and other trans C18:1 intermediates, such as trans-10 C18:1 (trans-10,cis-12 conjugated linoleic acid has been implicated in milk fat depression; Shingfield and Griinari, 2007) , were not affected by OR (data not shown).
A couple of milk samples tested extremely high in trans-10 C18:1 and had high trans-10 C18:1/trans-11 C18:1 ratios; in both cases this corresponded to low milk fat percentage of the composite milk sample for these cows (2.20 and 2.40%). However, composite milk samples from other cows also had similarly low milk fat contents without having elevated concentrations of trans-10 C18:1 and trans-10 C18:1/trans-11 C18:1 ratios. Benchaar and Chouinard (2009) fed cinnamon bark EO to dairy cows and also reported no effect on milk FA, but juniper EO increased conjugated linoleic acid content of goat milk (Morsy et al., 2012) . Represents the number of observations used in the statistical analysis. Energy-corrected milk, kg = milk yield, kg × (38.3 × milk fat, g/kg + 24.2 × milk protein, g/kg + 16.54 × milk lactose, g/kg + 20.7)/3,140 (Sjaunja et al., 1990 ).
Anecdotal evidence suggested that a difference in odor might exist between manure from cows fed the control or OR-supplemented diets. The dynamic triangular forced-choice olfactometry DT, however, was not statistically different between control and HOR manure (log 10 DT = 2.93 vs. 2.90, respectively; SEM = 0.054, P = 0.60). Comparison of odor quality data for manure from control cows with those of cows receiving HOR, also found no notable differences in supra-threshold intensity, odor character, or hedonic tone (data not shown). Thus, we conclude from these data that OR supplementation of the diet produced no meaningful improvement in dairy cow manure malodor emissions.
CONCLUSIONS
Similar to our previous study (Tekippe et al., 2011) , the current short-term experiment showed decreased rumen methane production per unit of DMI in dairy cows supplemented with graded levels of OR within 8 h after feeding. Effects on methane production over a 24-h feeding cycle have not been determined. Oregano had no other major effects on rumen fermentation and microbial diversity, except it decreased rumen ammonia concentration. Total-tract digestibility of NDF slightly decreased with OR compared with the control. The proportion of urinary urea N in the total excreted urine N tended to be decreased by OR. Dry matter intake was linearly decreased with increasing OR supplementation rate without affecting milk yield. As a result, feed efficiency increased linearly with increasing OR inclusion rate. Oregano had no effect on milk composition and milk FA, but it decreased MUN concentration.
Overall, OR supplementation had positive effects on rumen methane production within 8 h after feeding and feed efficiency in dairy cows, but these results need to be verified in long-term experiments. Fatty acids containing trans double bonds are produced during the biohydrogenation of 18-carbon PUFA (Shingfield and Griinari, 2007) .
7 CLA = conjugated linoleic acid.
